A new analytic result in acoustics called "Formulation 1B," proposed by Farassat, is used to compute 2kI, AP P p_
(ii) Theories based on the solution of special problems approximated by the linearized hydrodynamics equations, e.g., Amiet 4' 
where co is the ambient sound speed, r is the magnitude of the radiation direction vector 7 from a point on the surface to the observer, M,. is the Mach number in the direction of 7, M_ is the Mach number in the direction of the inward-facing geodesic normal _, and 0 is the angle subtended by the surface normal and the radiation vector _' (See Fig. 1 .). The subscript "ret" denotes evaluation at retarded time r = t -r/co. This is the source time at which a surface pressure fluctuation at the point (gl, y2, 0) made its contribution to the signal detected by the observer at time t. Note that if, 7, and 0 are pictured in observer time in Fig. 1 to a broadband source model in the following section.
Surface
Pressure from Thin Airfoil Theory
The airfoil for this model problem is a rectangular fiat plate in the plane xa = 0, undergoing 00 uniform rectiline00r motion, as in Fig. 2 The transfer function g(x'l, k_) is
The quantities C(_) and S(_) are tile Fresnel cosine and sine integrals, 00nd will be evaluated numerically by the formulas derived by Boersma) s The final representation for the unsteady surface pressure p(yl, r), assumed to be 00real quantity, is
The pressure jump is negative in Eq. (2d) because the acoustic formulation in Eq. (1) is derived from a form of the Ffowcs Willi00ms-H00wkings equation in which the unit surface norm001 fia is assumed to point into the fluid, i.e., in the positive x3 direction on the upper surface, and in the negative x3 direction on the lower surface. Therefore, using the same positive surface normal on both sides of the airfoil, the sum of the pressure on both sides is P = Popp_ -P,o,_, and this expression is the negative of the convention001 notion of 00pressure jump.
Note that the transfer function in Eq. (2b) represents the effect of the induced surface pressure only, and neglects the effect of the incident pressure. The neglect of the incident pressure field effect is not of concern here, as this model problem is presented for illustrative purposes only.
After the initial derivation of this induced pressure formulation, 4'12 Arniet looter altered the formulation to include the effect of the incident pressure field. 5 The effects of both induced and incident surface pressure will be employed in the broadband formulation in Section 4.
Directivit.y_ Calculation
Using Eqs. (2a) (2d) as the input surface pressure in Eq. (1), the directivity of a single frequency source is now examined.
The flat plate has a chord length C = 0.5 meter, and a span 2 b = 2.0 meters. The flow speed U is determined by 00free stream Mooch number
Po is taken as one percent of the dyn00mic head qo = poU'e/2, with po = 1.23 kg-m/s2, and the convection speed is taken Fig. 3 . This pressure profile represents the surface pressure over the entire span at observer time t = 0. Note, again, that the formulation in Eqs. (2a) (2d) represents the induced surface pressure only.
The radiated noise p'(_, t) is calculated at 360 equally spaced locations on a circular arc in the pl00ne x2 = 0.
The radius of this arc emanates from the mid-span location on the tr00iling edge, as shown in Fig. 4 . The arc trajectory (r, _) is determined by r = 2 meters and 0 _< _b _< 2rr. The surface discretiz00tion is a uniform grid of 100 x 400 surface elements.
The directivity is determined by the peak pressure amplitude calculated 00t each 3 position, during one period T = 1/f for a frequency of 2.5 kHz, with 128 timesteps in a period. Fig. 5 shows the results, in polar form, where the notation IIP'II is interpreted as 
Broadband Analysis
For prediction purposes, the airfoil is modeled as a fiat plate in order to evaluate the unsteady surface pressure with a broadband extension of the analytic formulation in Section 3. The airfoil geometry is oriented with respect to the coordinate axes as in Fig. 2 , with
where C = 0.6096 m and 2b = 0.46 m. x e-ia._(Vl-UoT) dk2 dk_ dyl
Integrating with respect to k2, the term sin(k2b)/k2 acts like a Dirac delta function when integrating over an unbounded domain, and the result is In the present case, the transfer function in Eq.
(10d) must be explicitly used and therefore a value for e must be specified.
This value e = 1.5 is chosen for reasons that are discussed in the following subsection.
To illustrate the effect of including this incident pressure term in the surface pressure formulation, Fig. 8 shows is cast in only one spatial variable yl, and the observer location is symmetric relative to the airfoil span, the acoustic predictions are found to be relatively insensitive to the discretization in y2, and the primary concern for grid resolution is in the streamwise direction.
With 500 points in the streamwise direction and clustering near the trailing edge, a sutficient resolution of at least 10 points per wavelength was obtained for the entire length of the chord. This conclusion was reached by inspection of surface pressure profiles for the highest frequency of 10 kHz.
The coordinate
system for the calculation is such that the x2-axis coincides with the center span line, so that the microphone position is in the plane x2 = 0. The experimental microphone position for which comparisons are made is at a distance of 1.22 m from the model, and at an angle of 90 degrees relative to the chord and directly above the trailing edge. The measured observer position for the prediction is, then, _ = [0, 0, 1.22] r in meters.
The baseline prediction
case under consideration is for a tunnel speed of U = 69.5 m/s. This flow condition, the above observer location, and airfoil geometry are incorporated into an acoustic prediction using Eq. (1) The time signal p'(:g,t)
is Fourier analyzed to deternfine a discrete set of spectral amplitudes {P,};_=I.
The fax" field sound pressure level (SPL) spectrum is calculated by Clearly, Fig. 11 shows that significant error exists between the predictions and the measurements when flat plate formulations are used for the required surface pressure correlations. surface pressure correlations are significantly lower than the measured data, by as much as 7 dB. The reason that the fiat plate approximation is so much in error is only in small part because of the the lack of pressure gradient.
The most significant error made in the approximation in Eq. (12a) is the lack of a trailing edge; this empirical formulation is based on experimental measurement and analysis in which the flat plate is assumed to be intl- 
where S_(w_ 0) denotes the normalized measured data in Fig. 12 The predicted and measured far field SPLs for the two tunnel speeds are shown in Fig. 13 . The experimental data in Fig. 13 were obtained by digitizing the measurements plotted in Figure 34 
